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Chiral pesticides are often degraded enantioselectively in soils, leading to disparity among enantiomers that may
display diﬀerent toxicity levels. Monitoring pesticide degradation extents and processes remains out of reach in
the ﬁeld using conventional bulk and enantiomer concentration analyses. Enantioselective stable carbon isotope
analysis (ESIA) combines compound speciﬁc isotope analysis (CSIA) and enantioselective analysis, and bears
potential to distinguish enantiomer degradation from non-destructive dissipation. We developed ESIA of the
fungicide Metalaxyl, providing the 13C/12C ratios for S-Metalaxyl and R-Metalaxyl separately, and applied it to
follow degradation in soil incubation experiments. Signiﬁcant enantioselective degradation (kS-
MTY=0.007–0.011 day−1 < kR-MTY=0.03–0.07 day−1) was associated with isotope fractionation (Δδ13CS-MTY
ranging from 2 to 6‰). While R-Metalaxyl degradation was rapid (T1/2≈10 days), concomitant enrichment in
heavy isotopes of the persistent S-Metalaxyl occurred after 200 days of incubation (εS-Metalaxyl ranging from−1.3
to−2.7‰). In contrast, initial racemic ratios and isotopic compositions were conserved in abiotic experiments,
which indicates the predominance of microbial degradation in soils. Degradation products analysis and apparent
kinetic isotope eﬀect (AKIE) suggested hydroxylation as a major enantioselective degradation pathway in our
soils. Altogether, our study underscores the potential of ESIA to evaluate the degradation extent and mechanisms
of chiral micropollutants in soils.
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1. Introduction
Chiral pesticides, i.e., pesticides with at least two enantiomers
which are non-superimposable mirror images of each other, may con-
stitute more than 25% of currently used pesticides worldwide [1,2].
Enantiomers of chiral pesticides have identical physico-chemical
properties, and transport processes or abiotic reactions appear not
changing enantiomers proportions [3]. In contrast, degradation of
chiral pesticides may be mainly microbiologically-mediated and en-
antioselective [4–6]. Enantiomers may also diﬀer in terms of eﬃcacy
against plant pathogens, toxicity, and persistence [2]. As a results, ac-
tive enantiomers in commercial formulations have been partially but
not systematically enriched to improve pesticide eﬃciency on target
organisms [7]. Novel approaches to evaluate the fate of chiral pesticides
and their environmental monitoring, in particular in soils receiving
large amounts of pesticides, are thus required to evaluate risks asso-
ciated to enantioselective degradation.
With the advent of enantioselective chromatography techniques,
behavior of chiral pesticides in the environment has been increasingly
studied [2,8]. Because degradation rates often diﬀer among en-
antiomers and result in deviation from racemic ratios [9], changes in
the enantiomeric fraction (EF) have been used to follow degradation
[10]. However, biodegradation may occur without marked enantios-
electivity, and decrease in enantiomer concentrations due to non-de-
gradative dissipation in soils (i.e., dilution due to wash-oﬀ) does not
allow to identify ongoing degradation process. This limits the use of EF
values to evaluate biodegradation of some chiral molecules [11].
In this case, analogous to enantiomeric ratios, compound-speciﬁc
stable isotope analysis (CSIA) can be used to evaluate in situ biode-
gradation of chiral pesticides [12–14]. Because kinetic isotope eﬀects
(KIE) typically favor transformation of light isotopes (e.g., 12C), heavy
isotopes (13C) become enriched in the non-degraded pesticide fraction.
Increasing 13C/12C isotope ratios in a parent compound thus provide
direct evidence of its degradation. This concept is modeled in lab ex-
periments by the Rayleigh equation that relates isotopic ratios to the
extent of biodegradation by isotopic fractionation factors ε [15]. Ana-
logously, the Rayleigh concept can also be applied to model en-
antioselective biodegradation [16]. Magnitude of εC depends on many
factors, including the number of carbon atom in the molecule, the type
of bond broken (e.g., CeH or CeO), the eﬀects of non-reacting positions
and intramolecular competition [17]. Derived from εC values, apparent
kinetic isotope eﬀect (AKIE) values have been introduced to account for
these factors [17] and pathway speciﬁc AKIEs have been referenced for
various experimental reactions [14,17]. Despite its high potential to
disentangle degradation mechanisms, especially when several isotope
systems (13C/12C, 15N/14N, 2H/1H) are used, CSIA approach remains
limited to evaluate the fate of chiral molecules because enantiomers
may undergo various degradation routes.
Combining CSIA and enantioselective analysis techniques, en-
antioselective stable isotope analysis (ESIA) may thus enhance the
evaluation of sources and transformation processes of chiral micro-
pollutants in the environment [18]. Firstly applied to α-
hexachlorocyclohexane (α-HCH) [19–21], ESIA have also been devel-
oped for polar herbicides (phenoxy acids) [22,23], synthetic polycyclic
musk galaxolide (HHCB) [24], phenoxyalkanoic methyl herbicides [25]
and polychlorinated biphenyls (PCBs) [26]. While these pioneer studies
showed that ESIA bear potential to characterize biodegradation of
chiral contaminants and to diﬀerentiate abiotic and biotic transforma-
tions in the ﬁeld [21], it has yet not be developed for fungicides. In
addition, methods and application of ESIA of chiral pesticides in the
soil, which is a major non-targeted sink of pesticide controlling en-
vironmental transfer and concentrations, are mostly lacking so far.
In this study, enantioselective degradation of the acylalanine chiral
fungicide Metalaxyl (MTY) was examined combining CSIA and en-
antioselective analysis techniques. ESIA was developed for stable
carbon isotope analysis of MTY enantiomers and applied (i) to assess
the persistence and the degradation of MTY enantiomers in contrasted
agricultural soils, and (ii) to evaluate the applicability of ESIA to de-
termine degradation extent and pathways of MTY enantiomers in soils.
Metalaxyl (MTY) contains a chiral carbon and consists of a pair of en-
antiomers, (+)-S-Metalaxyl (S-MTY) and (–)-R-Metalaxyl (R-MTY,
Fig. 1). Metalaxyl [methyl-N-(2-methoxyacetyl)-N-(2,6-xylyl)-DL-alani-
nate] was selected for this study because it entails features of many
chiral pesticides: (i) it is used worldwide and on several crops to control
plant diseases caused by pathogens [27], (ii) the pesticide activity al-
most entirely originates from one enantiomer (R-enantiomer for MTY
[28]), which often results in the progressive enrichment of the active
enantiomer in commercial formulations [29], and (iii) degradation
pathways in soils remain largely unknown. While various fungi, bac-
teria, and actinomycetes have been described to degrade MTY in soils
[30–32], speciﬁc bacterial communities, soil pH and oxygen con-
centration may control the extent and the direction of enantioselective
biodegradation of MTY [29,33–36]. Hence, knowledge of degradation
of chiral pesticide enantiomers in soils may help to evaluate risks re-
lated to enantioselective degradation in the future.
2. Experimental
2.1. Chemicals and reagents
Analytical grade standards (purities,> 99%) of rac-MTY,
Metalaxyl-M (corresponding to R-MTY enantiomer), Metolachlor-d11
and alachlor-d13, solvents (dichloromethane and ethyl acetate; HPLC
grade purity > 99.9%) and sulfate magnesium (MgSO4, ReagentPlus®
≥99.5%) were purchased from Sigma Aldrich (St. Louis, USA). Primary
secondary amide (PSA) bonded silica was purchased from Supelco
(Bellefonte, USA). For analytical development and reproducibility
check, two stock solutions of rac-MTY and M-Metalaxyl of 1 g L−1 were
prepared in dichloromethane (DCM) and stored at −18 °C until ana-
lysis.
2.2. Soil degradation experiments
Calcareous clay loamy surface soil (0–5 cm) from a vineyard
Fig. 1. Chemical structures of Metalaxyl enantiomers.
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catchment (Rouﬀach, Haut-Rhin, Alsace, France) [37] and a wheat and
maize crops catchment (Alteckendorf, Bas-Rhin, Alsace, France) [38]
were collected on 6 and 7 August 2015. Details of soils physico-che-
mical characteristics are provided in the SI (Table S1). Initial con-
centrations of MTY were below the GC/MS detection limits in both raw
soils. Soil columns consisted of 30mL glass vials (UV-sterilized) capped
with Teﬂon membranes (sterilized with ethanol 96%). To maintain
aerobic conditions while limiting water loss and avoiding contamina-
tion, a 0.2 μm syringe ﬁlter (Rotilabo®, Carl Roth®, France) was
mounted on a syringe tip stuck through the vial cap (Fig. S1). Ap-
proximately 20 g of soil were incubated and the volume of deionized
water added was adjusted to reach a volumetric water content of 20%
of soil. Based on indications given by local farmers on their past and
current pesticide applications in the ﬁelds/vineyards, and to account
for possible co-contamination eﬀects, the pesticide mixture added to
the soil was composed with rac-MTY, 8 other fungicides, 10 herbicides
and 1 benzoylurea insecticide (see Table S2 for details). En-
vironmentally relevant concentrations of 5 μg g−1 of soil were targeted.
Abiotic control experiments were prepared in the same way with ster-
ilized soils (autoclaved three times at 12-h intervals). For each soils
(crop vs. vineyard), 5 separate experiment and 5 abiotic controls were
incubated at 20 ± 1 °C and collected using a sacriﬁcial approach at
t= 1d, t= 10d, t= 50d, t= 100d and t= 200d.
2.3. Soil extraction procedure
Pesticides were extracted from the soil matrix following a solvent
extraction procedure adapted from [39]. Brieﬂy, an aliquot of soil
sample (about 5 g) was placed in a 50mL Falcon tube. Ethyl acetate
(2.5 mL, corresponding to 2:1 soil:solvent ratio) was added and the
mixture was shaken for 15 s with a vortex and placed in an ultrasonic
bath for 5min. Deionized water was added to reach 80 % of soil water
content and the sample was shaken 1min with the vortex shaker and
centrifuged 5min at 5000 rpm. The organic layer was separated and the
solvent extraction procedure was repeated twice without further addi-
tion of water. The three organic layers were combined, dried over
gentle N2 ﬂow to the last drop and dissolved in 500 μL acetonitrile and
dried over MgSO4. Additional cleanup procedure was adapted from
[40], using PSA. About 12.5 mg of PSA and 75mg of MgSO4 was added
to the 500 μL sample, vortexed 30 s and centrifuged 1min at 5000 rpm.
The extract was then stored in a GC vial at −18 °C until analysis.
Prior to the experiment, eﬀects of the soil extraction and con-
centration procedure on the enantiomer fractionation and carbon iso-
tope fractionation were evaluated (see SI for details).
2.4. Bulk-Metalaxyl and degradation products analysis
Quantitative analysis of bulk-MTY was performed by gas chroma-
tography (Trace 1300, Thermo Fisher Scientiﬁc, Milan Italy) coupled
with a mass spectrometer (ISQTM, Thermo Fisher Scientiﬁc).
Metolachlor-d11 was spiked in each sample as an internal standard at
300 μg L−1. Samples (1.5 μL) were injected into a split/splitless injector
operated in split mode with a split ﬂow at 6.0mLmin−1 and held at
280 °C. Separation was performed on a TG-5MS column (30m
×0.25mm ID, 0.25 μm ﬁlm thickness), with helium as carrier gas at a
1.5 mLmin−1 ﬂow rate. The GC oven program was held at 50 °C for
1min, ramped to 160 °C at 30 °Cmin−1, then to 220 °C at 4 °Cmin−1,
and ﬁnally to 300 °C at 30 °Cmin−1 held for 1min. The MS transfer line
and source were heated at 320 °C. Each sample was measured in tri-
plicate. Detection and quantiﬁcation limit obtained for bulk-MTY were
7 μg L−1 and 21 μg L−1 respectively.
Carboxylic acid Metalaxyl, hydroxyMetalaxyl, demethyl-Metalaxyl
and didemethyl-Metalaxyl degradation products (Fig. 4) were analyzed
by LC/MS as previously described [41]. The detailed methods are
provided in the SI (Table S3, Fig. S2).
2.5. Enantiomer-speciﬁc stable carbon isotope analysis
The carbon isotope composition of MTY enantiomers was de-
termined using a GC-C-IRMS system consisting of a gas chromatograph
(Trace GC Ultra, Thermo Fisher Scientiﬁc) coupled via a GC IsoLink/
Conﬂo IV interface (Thermo Fisher Scientiﬁc, Bremen, Germany) to an
isotope ratio mass spectrometer (DeltaV Plus, Thermo Fisher Scientiﬁc).
The oxidation furnace of the GC-Isolink interface was set to a tem-
perature of 1000 °C. A BGB-172 column with 20% tert-butyldi-
methylsilyl-beta-cyclodextrin phase (30m ×0.25mm, 0.25 μm ﬁlm
thickness, BGB Analytik, Adliswil, Switzerland) was used for chroma-
tographic separation, with helium as the carrier gas at a ﬂow rate of
2.0 mLmin−1. The column was held at 50 °C for 1min, heated at a rate
of 10 °Cmin−1 to 150 °C, then up to 200 °C at 1 °Cmin−1 and ﬁnally
heated at 20 °Cmin−1 to 220 °C and held for 1min. Samples (3 μL) were
injected using a Combi PAL GC Autosampler (CTC Analytics, Zwingen,
Switzerland) into a split/splitless injector operated in splitless mode
and held at 250 °C.
Metalaxyl was fully resolved into its enantiomers (enantiomer re-
solution, R > 1). As previously observed with similar β-cyclodextrin
phase column [34], the enantiomer elution sequence was S-MTY as
ﬁrst-eluted at 51.1min and R-MTY as second-eluted at 51.7 min. In-
jection of single-enantiomer R-MTY standard conﬁrmed the elution
sequence. Typical chromatogram is given in the SI (Fig. S3). Despite the
relatively low chromatographic resolution, ESIA measurements on
various R-MTY and rac-MTY mixtures were consistent (Δδ13C≤ 0.7‰)
with the expected isotope signatures of the enantiomers obtained by
isotope mass-balance calculations (Fig. S6).
The δ13C values were calibrated using a three-point calibration
using international reference material AIEA-600, USGS-40, and USGS-
41 (σ < 0.05‰) and reported in parts per thousand (‰) against the
Vienna Pee Dee Belemnite (VPDB) reference standard, according to
equation 1:
⎜ ⎟= ⎛
⎝
⎞
⎠
×−
− −δ C
C C
C C
( / )
( / )
100X MTY
X MTY X MTY sample
CO CO ref
13
13 12
13
2
12
2 (1)
with X=bulk, S or R
Details of the MTY-ESIA validation protocol are provided in the SI.
Brieﬂy, linearity tests were performed on rac-MTY standard, indicating
minimum injection of 5 ngCR-MTY and 30 ngCS-MTY and a maximum
injection of 90 ngC for each enantiomer (Fig. S4). In term of precision,
δ13CS-MTY of −31.7 ± 0.8‰ (± 2σ, n=6) was similar to δ13CR-
MTY=−31.4 ± 0.7‰ (± 2σ, n=8) and δ13CBulk-
MTY=−31.6 ± 0.3‰ (± 2σ, n= 9). The GC-C-IRMS measurements
did not signiﬁcantly diﬀer from the bulk value (δ13CBulk-
MTY=−31.3 ± 0.1‰; ± 2σ, n= 3) obtained at our isotope facility
using an elemental analyzer-isotopic ratio mass spectrometer (Flash EA
IsoLinkTM CN IRMS, Thermo Fisher Scientiﬁc). This cross-calibration of
rac-MTY conﬁrmed the absence of signiﬁcant isotopic fractionation
associated with MTY-ESIA. In addition, uncertainty of 2σ < 0.7‰ for
amplitude > 90mV (m/z 44) on each enantiomers (> 5 ngC) are
congruent with typical bulk-CSIA measurements [42].
Accurate rac-MTY consensus mean determination was assessed by
long-term reproducibility measuring a rac-MTY standard (50–100 ngC
injections) every 10 GC-C-IRMS injections. In the absence of chiral
certiﬁed material, the rac-MTY in-house standard was used for de-
tecting analytical bias during sample batch sessions. Results of 70 in-
jections are displayed in Table S4 and Fig. S5. A caﬀeine reference
material (IAEA-600) was measured every nine injections to control the
quality of the measurements. Values of δ13C=−28.1 ± 0.4‰ (σ,
n=15) were consistent with δ13C=−27.8 ± 0.1‰ (σ) determined
by EA-IRMS in inter-laboratory calibrations [43].
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2.6. Data analysis
2.6.1. Enantiomeric fractionation and carbon isotope calculations
Change in the proportion of each enantiomer was calculated by EFS-
MTY and EFR-MTY enantiomeric fractionation according to:
=
+−
−
− −
EF Peak area
Peak area Peak areaS MTY
S MTY
S MTY R MTY (2)
Rac-MTY mixture then displays EFS-MTY= 0.5, while an enriched S-
MTY solution yields an EFS-MTY > 0.5.
The isotopic composition of bulk-MTY (δ13Cbulk-MTY) from the iso-
tope ratios of the individual MTY enantiomers determined by GC-C-
IRMS was obtained by isotope balance calculation [19]:
= × + ×− − − − −δ C EF δ C EF δ CBulk MTY S MTY S MTY R MTY R MTY13 13 13 (3)
To validate the isotope balance, bulk-MTY δ13Cbulk-MTY was also
determined by integrating both R and S-MTY peaks independently (Fig.
S3) using the ISODAT application software (Thermo Fisher Scientiﬁc).
Comparison between the isotope balance and the double-peak in-
tegration approaches is reported in the Table S4. Isotope enrichment
factors (ε) were calculated from the logarithmic linearization using the
Rayleigh equation:
⎜ ⎟
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+
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C
ln 1000
1000 1000
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where δ13C0 and δ13Cx are the measured carbon isotope ratios at the
beginning (t= 1 day) and at t=x days from the beginning of the ex-
periment, and C0 and Cx are the corresponding concentrations.
Enrichment factors for S- and R-MTY were calculated in the same way.
The error of the isotope enrichment factor was given as the 95% con-
ﬁdence interval (CI) and determined using regression analysis as de-
scribed elsewhere [44].
To compare observed carbon isotope fractionation with fractiona-
tion reported in the literature, the apparent kinetic isotope eﬀect (AKIE)
values were calculated using Eq. (5) [17]:
≈
+ × ×
AKIE
z
1
1 ( )nx
ε
1000
bulk
(5)
where n is the number of atoms of a given element, x is the number of
indistinguishable reactive positions, and z is the number of positions in
intramolecular competition. For AKIE calculations, n=15 and
x= z=1 because all chemically equivalent atoms in a reactive posi-
tion compete for reaction [45]. The uncertainty of the AKIE was esti-
mated by error propagation as described elsewhere [46].
2.6.2. Statistics
Statistical analyses were performed using JMP software (SAS
Institute, USA) and the function “Data Analysis” from the Add-In
“Analysis Tool Pack” of Microsoft Excel®. Isotopic enrichment factors
were calculated from linear regressions of Eq. (4) and rate constants (or
half-life parameters) were determined using Single First-Order Rate
Model (SFO) from plots of ln (C/C0) versus time (see SI for details). All
data are displayed as mean ± 2σ unless otherwise speciﬁed.
3. Results and discussion
3.1. Kinetics of bulk-Metalaxyl dissipation in soils
Concentrations of bulk-MTY (GC–MS) and MTY enantiomers (de-
rived from EF) were followed-up during the 200 days of soils incubation
experiments (Fig. 2 and Table S5). Degradation patterns ﬁtted ﬁrst-
order kinetics using r2 > 0.8 (p* < 0.05) as a criteria (see SI for de-
tails). In biotic conditions, the dissipation of bulk-MTY was relatively
fast with T1/2 values ranging from 50 ± 10 days to 65 ± 10 days (SE,
n=5) for crop and vineyard soils, respectively (Table S6). Observed
half life times were similar to T1/2= 9–127 days previously reported in
non-sterile soils [29,47]. Under abiotic conditions, bulk-MTY was stable
(T1/2 > 200 days) for both soils. This highlights the predominance of
biologically mediated MTY dissipation in soils
At this stage, no signiﬁcant diﬀerences in the bulk-MTY kinetics
could be observed between the crop and the vineyard soil. However,
pollution history diﬀers between the two soils, which may have led to
distinct microbial adaptive response, including pesticide degradation
[48]. The vineyard was regularly treated with Ridgold F® (R-MTY en-
riched mixture), whereas MTY was not used in the crop ﬁeld. With a
priori MTY-adapted microbial communities, higher dissipation rates
were expected in the vineyard soil. However, similar dissipation rates
were observed after 200 days for the crop and the vineyard experi-
ments, leading to 5% and 10% of remaining bulk-MTY, respectively
(Table S5 and S6). Hence, regular MTY amendments in soils may not
signiﬁcantly inﬂuence microbial degradation kinetics, as suggested
previously [30,49]. It should be noted that the choroacetanilide her-
bicide S-metolachlor was also regularly applied on the crop soil. Be-
cause MTY and metolachlor may be degraded by a similar microﬂora
(e.g Trichoderma sp. and Bacillus sp. isolated from soil with no history of
MTY/Metolachlor applications) [30], similar enzymes may be involved
in their metabolism, which resulted in similar extent of MTY degrada-
tion.
Although MTY degradation is suggested at this stage based on
changes in bulk-MTY concentrations, degradation may be en-
antioselective and lead to persistence of one enantiomer. Therefore,
MTY enantiomers analysis was applied to evaluate enantioselective
degradation [4–6].
3.2. Enantioselective degradation in soils
In abiotic experiments, S-MTY and R-MTY concentrations remained
constant during the experiment (Fig. 2), except for the last sampling
point where concentrations decreased to 57% ([S-MTY]t=200/[S-
MTY]t=1) for the crop soil, and to 46% for the vineyard soil. The low
dissipation rates (T1/2 > 200 days, k≤ 0.003 day−1, Table S6) coin-
cided with insigniﬁcant enantioselectivity (EFS-MTY= 0.48 ± 0.01,
n=10) in abiotic experiments. This is consistent with sorption ex-
periments showing similar Kd values for both S- and R- enantiomers of
rac-MTY [50].
In contrast, in biotic experiments, dissipation of both R- and S-MTY
emphasized that degradation was the prevailing dissipation process for
both MTY enantiomers [29,50]. Degradation of rac-MTY was en-
antioselective in both the crop and the vineyard soils, with the R-en-
antiomer being systemically degraded faster than the S-enantiomer. In
the vineyard soil experiments, R-MTY could not be detected at t= 50
days, yielding an EF= 1 until 200 days. Half-life time of S-MTY
(T1/2= 94 ± 16 days,± SE, n=5) was higher than R-MTY
(T1/2≈ 10 days, n= 2, Table S6). A similar pattern could be observed
in the crop soil, although R-MTY was detected at t= 100 days
(1.01 ± 0.10 μg g−1 and EF= 0.54 ± 0.02, n= 3). This outlier
sample may reﬂect partial heterogeneity in sample collection from in-
itially homogenized soil using a sacriﬁcial approach with independent
reaction vessels. Although this outlier value did not allow precise
determination of T1/2 (R-MTY), T1/2 (S-MTY) of 62 ± 10 days
(±SE, n=5) suggests faster degradation for S-MTY in the crop soil. Faster
degradation of R-MTY (T1/2=12–68 days, kR-MTY=0.01–0.06 day−1)
compared to S-MTY (T1/2=35–99 days, kS-MTY=0.007–0.02 day−1) was
previously observed in similar soil experiments [50].
As experiments were carried out with neutral or slightly alkaline
soils (6.9 < pH < 8.1, Table S1), our results are in agreement with
previous ﬁndings, insofar degradation of R-MTY was faster than that of
S-MTY in aerobic soils at pH > 5 [29]. R-MTY may thus be pre-
ferentially degraded by microorganisms, whereas the activation/in-
hibition of enantiomer-speciﬁc enzymes may be controlled by pH [29].
Similar enantioselective patterns for both crop and vineyard soils
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suggest that the use of an R-MTY-enriched formulation in the vineyard
did not speciﬁcally enrich active R-MTY degrading microorganisms.
Besides, soils physicochemical characteristics may alter MTY de-
gradation rates to a greater extent than microbial community compo-
sition [51]. For circumneutral pH soils, the extent and enantioselec-
tivity of MTY biodegradation may be soil-dependent. Slower and less
pronounced enantioselectivity may occur in ﬁner-textured soils than in
the coarser-textured soils [50], thus reﬂecting MTY bioavailability in
soils. In our case, granulometry vary from 28% to 69% of clay for the
crop and the vineyard soils, respectively (Table S1). The large propor-
tion of ﬁne minerals associated with higher amount of organic matter
(4.8%) in the vineyard soil may have increased MTY sorption, as re-
vealed by MTY ageing at the end of the incubation period (Fig. 2). With
increasing residence time, formation of strong chemical bonds to soil
components, that can low down desorption rates and reduce chemical
extraction rates, is supported by higher bulk-MTY dissipation at t= 200
days in the abiotic soils. MTY sorption might thus inﬂuence its bioa-
vailability, which is consistent with higher bulk-MTY (i.e. S-MTY,
EF= 1) resilience at= 200 days in biotic vineyard soil compared to the
crop soil.
Altogether, the results highlight pronounced enantioselectivity
during biodegradation, which may control MTY dissipation in the stu-
died soils. However, at this stage, MTY microbial degradation could not
be attested. This is particularly relevant in the ﬁeld, where MTY en-
antiomer concentrations may decrease in soils due to physical pro-
cesses, such as volatilization or dilution. In addition, the eﬀect of soil
physico-chemical properties and microbial degradation may not be
teased appart. Especially in the later stage of incubation, when the co-
occurrence of biotic and abiotic degradation may be prominent, the
application of MTY-ESIA can be particularly helpful.
3.3. Carbon stable isotope fractionation of Metalaxyl enantiomers
In the soil experiments, both MTY enantiomers display signiﬁcant
carbon isotope fractionation (Fig. 3 and Table S5). For S-MTY, carbon
isotope composition changed from δ13CS-MTY=−31.2 ± 0.4‰ and
δ13CS-MTY=−31.2 ± 0.6‰ (t= 1 day) up to δ13CS-MTY=−25.2 ±
1.2‰ and δ13CS-MTY=−29.0 ± 0.4‰ (t = 200 days) in the crop and
the vineyard soils, respectively. In abiotic experiments, carbon isotopic
fractionation was insigniﬁcant for both MTY enantiomers after 200
days (Fig. 3). In the vineyard soil, carbon isotopic ratios remain con-
stant for S-MTY (from δ13CS-MET=−31.8 ± 0.1‰ at t= 1 day to
δ13CS-MET=−31.0 ± 1.1‰ at t= 200 days) and for R-MTY (from
δ13CR-MET=−31.9 ± 1.0‰ to δ13CR-MET=−31.8 ± 0.8‰).
In the biotic experiments, systematic enrichments of heavier iso-
topes in the remaining MTY fraction relate kinetic isotope eﬀect typi-
cally observed during biodegradation [14]. Enrichment factors ob-
served in the vineyard soil (εS-MTY=−1.3 ± 0.3‰) were smaller than
those retrieved from the crop soil (εS-MTY=−2.7 ± 0.5‰). Since this
is the ﬁrst report for MTY bulk or enantioselective isotope fractionation,
no ε values are available for comparison. Enrichment factor values are,
however, similar to those of structurally close chloroacetanillide her-
bicides retrieved from lab-scale wetlands experiments
(εalachlor =−2.0 ± 0.3‰, εacetochlor =−3.4 ± 0.5‰, [52]). With
fewer data available (n≤ 3) due to fast R-MTY degradation
(T1/2(R-MTY)≈10 days), isotope fractionation resulting from R-MTY
biodegradation was diﬃcult to assess. Similarly to S-MTY, slight en-
richment in δ13CR-MTY was observed (Fig. 3a and b). Carbon isotopic
ratios changed from δ13CR-MTY=−30.5 ± 0.9‰ (t= 1 day) to δ13CR-
MTY=−29.5 ± 1.7‰ (t= 50 days) in the crop soil, and from δ13CR-
MTY=−31.7 ± 0.8‰ (t = 1 day) to δ13CR-MTY=−30.0 ± 1.1‰
(t = 10 days) in the vineyard soil. However, with n≤ 3 and insignif-
icant regression models (p > 0.05), accurate carbon isotope enrich-
ment factors could not be retrieved. Enrichment factors could not be
retrieved either for the abiotic experiments due to insigniﬁcant isotope
fractionation (p > 0.05 and r2 < 0.8, Table 1).
To interpret the isotope fractionation and identify potential de-
gradation mechanisms, AKIE values were calculated for MTY de-
gradation in soil experiments. AKIE values are associated with isotope
eﬀect of the speciﬁc bond cleavage [17]. Little information is available
on the degradation pathways of MTY in soils. In cell suspension of
plants and in human liver microcosm, MTY undergoes mainly ring-
Fig. 2. S-MTY and R-MTY dissipation (Ct/C0, %) during soil incubation experiments and corresponding enantiomeric enrichment factors (EFS-MTY, %) for the crop soil
(a) and (c), and the vineyard soil (b) and (d). Error bars denote the total analytical uncertainty (± 2σ, %), which incorporates both accuracy and reproducibility of
n= 3 measurements.
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methyl or phenyl ring hydroxylation and (di)demethylation on the ester
and ether group [53,54]. More scarcely, hydroxylation at the meta-
position on the phenyl ring may occur (Fig. 4). AKIE values range from
1.014 to 1.030 for bulk-MTY, and from 1.020 to 1.042 for S-MTY in the
biotic experiments (Table 1). These values ﬁt in the range of experi-
mentally derived AKIEC=1.01–1.03 obtained in the literature for
oxidation of CeH bonds [17]. With typically AKIEC=1.03–1.07, SN2
CeO cleavage (esther/ether demethylation) is unlikely to be pre-
dominant in our case. Thus, isotope fractionation of S- and R-MTY
suggests ring or meta-position methyl hydroxylation as a possible de-
gradation pathway in the soil experiments. Metalaxyl degradation
pathways in the soils should be conﬁrmed by the analysis of MTY de-
gradation products.
3.4. Metalaxyl degradation pathways in soils
MTY degradation product analysis (Fig. 4 and Table S3) revealed
that hydroxy-Metalaxyl (hydroxy-MTY) systematically occurred in
biotic experiments after 50 days of incubation (Fig. 4). This is consistent
with both the biologically mediated hydroxylation of MTY predicted by
AKIE calculations, and the large detection of benzyl alcohol derivatives
in cell suspensions of lettuce and potatoes following treatment with rac-
MTY [53]. The lack of commercial standards for the two hydroxy-MTY
degradation products displaying similar m/z values did not allow to
distinguish phenyl ring (meta position) from ring-methyl hydroxyla-
tion. Closer inspection of S-MTY AKIE values may help to diﬀerentiate
phenyl ring from ring-methyl hydroxylation. Recently, microbial hy-
droxylation of phenol, cresols and ethylbenzene revealed distinct AKIEc
values for ring hydroxylation (AKIEc= 1.003–1.010) and side
chain hydroxylation (AKIEc=1.014–1.033) [55,56]. With
AKIE=1.014–1.042 and within the uncertainties, our data overlap the
two value ranges, which emphasizes that both reactions possibly oc-
curred. Concomitant ring and side chain hydroxylation of MTY was
previously suggested by 1H-NMR analysis of MTY in pure culture with
Fig. 3. δ13CS-MTY and δ13CR-MTY for a) the crop soil and b) the vineyard soil. Only S-MTY Rayleigh plots are displayed in the ﬁgure c) and d), respectively. The overall
isotope fractionation data are given in Table 1. Error bars denote the total analytical uncertainty (± 2σ,‰), which incorporates both accuracy and reproducibility of
n= 3 measurements.
Table 1
Metalaxyl enantiomeric enrichment factors (ε) and associated AKIE retrieved from the crop and vineyard soil experiments. The error of the isotope enrichment factor
was given as the 95% conﬁdence interval (CI) and determined using regression analysis as described elsewhere [44]. The uncertainty of the AKIE was estimated by
error propagation as described elsewhere [46]. For AKIE calculations, n=15 and x= z.
Crop soil Vineyard soil
Biotic Abiotic Biotic Abiotic
ε ± 95% CI [‰] AKIE ± 95% CI ε ± 95% CI [‰] AKIE ± 95% CI ε ± 95% CI [‰] AKIE ± 95% CI ε ± 95% CI [‰] AKIE ± 95% CI
S-MTY −2.7 ± 1.5 1.042 ± 0.023 n.aa n.aa −1.3 ± 0.7 1.020 ± 0.011 n.aa n.aa
R-MTY n.aa n.aa n.aa n.aa n.ab n.ab n.aa n.aa
Bulk-MTY −2.0 ± 1.3 1.030 ± 0.019 n.aa n.aa −0.9 ± 0.5 1.014 ± 0.009 n.aa n.aa
a Rayleigh slope not signiﬁcant (p > 0.05 and r2 < 0.8).
b n≤ 2.
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the fungus Syncephalastrum racemosum [57]. Finally, while both AKIE
calculations and transformation products analysis are consistent with
an hydroxylation in both soils (Table 1 and previous section), the lack
of commercial hydroxymetalaxyl standards preclude mass balance
calculations since other degradation pathways cannot be excluded.
The detection of hydroxy-MTY in association to S-MTY enantiomer
and the absence of the R enantiomer indicate that the hydroxylation
reaction is enantioselective. Steric constrains can inﬂuence the enzyme
discrimination of the hydrogen atom abstracted from the substrate,
which may cause distinct degradation rates for the S and R en-
antiomers. Such constrains were previously suggested to explain
ethylbenzene enantioselectivity in a theoretical study [58].
Worthy to note, hydroxy-MTY was associated with larger produc-
tion of demethyl-MTY at t= 100 days (≈66% of total MTY degradation
products, Fig. 4) in the crop soil in the absence of signiﬁcant en-
antiomer shift (EF=0.54 ± 0.02, Table S5). The co-occurrence of
demethylated and hydroxylated products in this sample coincides with
the observed EF “outlier” value (Fig. 2c), and suggests another de-
gradation pathways for MTY. The Rayleigh plot (Fig. 3c) suggests
higher carbon isotope fractionation at t= 100 days, yielding an esti-
mated ε≈−4.3‰ (AKIE≈1.066, n= 2) consistent with
AKIEC= 1.03–1.07 observed in SN2 CeO cleavage (esther/ether de-
methylation) [17]. Finally, this speciﬁc sample also underscores the
limits of analyzing only changes in the enantiomeric fraction (EF) to
evaluate biodegradation. Indeed, EF≈ 0.5 observed for this sample is
not consistent with biodegradation revealed by simultaneous drastic
MTY concentration decrease, detection of degradation products and
carbon isotope data.
Degradation products were not observed in the vineyard soil and
only a small amount in the crop soil during abiotic experiments (Fig.
S7). Hence, the apparent decrease of MTY concentrations for both en-
antiomers observed at t= 200 days in abiotic experiments (Fig. 2a, b)
likely reﬂected MTY dissipation by sorption/ageing rather than de-
gradation. The absence of signiﬁcant isotope fractionation together
with the insigniﬁcant ε observed in the abiotic experiments (Table 1)
support the idea that sorption prevailed after 200 days of incubation
[59], and that sorption is not enantioselective, as suggested previously
[50]. In the latter study, sorption was assumed to indirectly control
MTY enantioselectivity during leaching, as it determined the MTY re-
sidence time within the soil column, and thus the extent and the en-
antioselectivity of MTY degradation.
4. Conclusions
In this study, the emergent ESIA approach was successfully devel-
oped and applied to evaluate in situ degradation of the chiral fungicide
Metalaxyl and its enantiomers in soils. The results conﬁrmed that under
mostly aerobic conditions and circumneutral pH values, MTY de-
gradation in soil is enantioselective. Because fate and persistence dis-
parities among enantiomers are expected in agricultural soils, bulk-
pesticide information, for MTY and other chiral pesticides, may no
longer be suﬃcient for accurate risk assessment. Therefore, combined
Fig. 4. Top: Proposed metalaxyl degradations pathways in soils. Carboxylic acid metalaxyl (m/z 294), hydroxymetalaxyl 1 and 2 (m/z 296), demethylmetalaxyl (m/z
266) and didemethylmetalaxyl (m/z 252) are the degradation products (DP). Adapted from [41].
Down: Normalized degradation products peak areas obtained by LC/MS measurements as a function of incubation time for crop (left) and vineyard biotic experi-
ments (right). Associated abiotic experiments are displayed in the SI.
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with appropriate enantiospeciﬁc toxicity levels, enantioselective frac-
tion analysis could help reﬁning chiral chemicals exposure in the ﬁeld.
In this context, the retrieved enantiomer-speciﬁc ε factors associated
with MTY-ESIA of soil samples may help to evaluate how in-situ en-
antioselective biodegradation varies over time, following the applica-
tion of MTY in its commercial formulation. Most importantly, hydro-
xylation of MTY at various positions is suggested as a major
biodegradation pathway of MTY in soils. This questions the environ-
mental fate of the chiral-hydroxylated products and their toxicity on
non-target soil and water organisms, which have still to be investigated.
Although the detection of degradation products has proven re-
levance, additional insights into mechanisms of bond cleavage may be
useful for predicting transformation pathways in ﬁeld conditions. For
instance, this could be achieved using multi-element CSIA of nitrogen
[14]. Although the initial concentration of MTY spiked in the soils
(5 μg g−1) was environmentally relevant, it was ten times lower than
that necessary for subsequent nitrogen CSIA. In the future, multi-ele-
ment ESIA may improve the characterization of transformation path-
ways, e.g., between diverse hydroxylation reactions. Overall, this study
underscores the unique perspectives that ESIA oﬀers to evaluate the fate
of various chiral anilide pesticides in soils.
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pesticide stereoisomerism––proposal of a scheme to apply directive 91/414/EEC
framework to pesticide active substances manufactured as isomeric mixtures,
Chemosphere 49 (2002) 461–469.
[8] V. Pérez-Fernández, M.Á. García, M.L. Marina, Chiral separation of agricultural
fungicides, J. Chromatogr. A 1218 (2011) 6561–6582.
[9] R.H. Mueller, D. Hoﬀmann, Uptake kinetics of 2, 4-dichlorophenoxyacetate by
delftia acidovorans MC1 and derivative strains: complex characteristics in response
to pH and growth substrate, Biosci. Biotechnol. Biochem. 70 (2006) 1642–1654.
[10] W.J. Hegeman, R.W. Laane, Enantiomeric enrichment of chiral pesticides in the
environment, Rev. Environ. Contam. Toxicol. 173 (2002) 85–116.
[11] S.-L. Badea, A.-F. Danet, Enantioselective stable isotope analysis (ESIA) — a new
concept to evaluate the environmental fate of chiral organic contaminants, Sci.
Total Environ. 514 (2015) 459–466.
[12] T.C. Schmidt, L. Zwank, M. Elsner, M. Berg, R.U. Meckenstock, S.B. Haderlein,
Compound-speciﬁc stable isotope analysis of organic contaminants in natural en-
vironments: a critical review of the state of the art, prospects, and future challenges,
Anal. Bioanal. Chem. 378 (2004) 283–300.
[13] R.U. Meckenstock, B. Morasch, C. Griebler, H.H. Richnow, Stable isotope fractio-
nation analysis as a tool to monitor biodegradation in contaminated acquifers, J.
Contam. Hydrol. 75 (2004) 215–255.
[14] M. Elsner, G. Imfeld, Compound-speciﬁc isotope analysis (CSIA) of micropollutants
in the environment—current developments and future challenges, Curr. Opin.
Biotechnol. 41 (2016) 60–72.
[15] B.M.V. Breukelen, H. Prommer, Beyond the Rayleigh equation: reactive transport
modeling of isotope fractionation eﬀects to improve quantiﬁcation of biodegrada-
tion, Environ. Sci. Technol. 42 (2008) 2457–2463.
[16] S. Jammer, F. Gelman, O. Lev, Applicability of the Rayleigh equation for en-
antioselective metabolism of chiral xenobiotics by microsomes, hepatocytes and in-
vivo retention in rabbit tissues, Sci. Rep. (2016) 6.
[17] M. Elsner, L. Zwank, D. Hunkeler, R.P. Schwarzenbach, A new concept linking
observable stable isotope fractionation to transformation pathways of organic
pollutants, Environ. Sci. Technol. 39 (2005) 6896–6916.
[18] S.-L. Badea, A.-F. Danet, Enantioselective stable isotope analysis (ESIA)—a new
concept to evaluate the environmental fate of chiral organic contaminants, Sci.
Total Environ. 514 (2015) 459–466.
[19] S.L. Badea, C. Vogt, M. Gehre, A. Fischer, A.F. Danet, H.H. Richnow, Development
of an enantiomer-speciﬁc stable carbon isotope analysis (ESIA) method for assessing
the fate of α-hexachlorocyclo-hexane in the environment, Rapid Commun. Mass
Spectrom. 25 (2011) 1363–1372.
[20] S. Bashir, A. Fischer, I. Nijenhuis, H.-H. Richnow, Enantioselective carbon stable
isotope fractionation of hexachlorocyclohexane during aerobic biodegradation by
Sphingobium spp, Environ. Sci. Technol. 47 (2013) 11432–11439.
[21] N. Zhang, S. Bashir, J. Qin, J. Schindelka, A. Fischer, I. Nijenhuis, H. Herrmann,
L.Y. Wick, H.H. Richnow, Compound speciﬁc stable isotope analysis (CSIA) to
characterize transformation mechanisms of α-hexachlorocyclohexane, J. Hazard.
Mater. 280 (2014) 750–757.
[22] N. Milosevic, S. Qiu, M. Elsner, F. Einsiedl, M. Maier, H. Bensch, H.-J. Albrechtsen,
P.L. Bjerg, Combined isotope and enantiomer analysis to assess the fate of phenoxy
acids in a heterogeneous geologic setting at an old landﬁll, Water Res. 47 (2013)
637–649.
[23] M.P. Maier, S. Qiu, M. Elsner, Enantioselective stable isotope analysis (ESIA) of
polar herbicides, Anal. Bioanal. Chem. 405 (2013) 2825–2831.
[24] J. Wang, S. Gao, X. Zeng, Z. Yu, P.A. Peng, G. Sheng, J. Fu, Compound-speciﬁc
stable carbon isotope analysis of galaxolide enantiomers in sediment using gas
chromatography/isotope ratio monitoring mass spectrometry, Rapid Commun.
Mass Spectrom. 27 (2013) 1690–1696.
[25] S. Jammer, A. Voloshenko, F. Gelman, O. Lev, Chiral and isotope analyses for as-
sessing the degradation of organic contaminants in the environment: Rayleigh de-
pendence, Environ. Sci. Technol. 48 (2014) 3310–3318.
[26] B. Tang, X.-J. Luo, Y.-H. Zeng, B.-X. Mai, Tracing the biotransformation of PCBs and
PBDEs in Common carp (Cyprinus carpio) using compound-speciﬁc and en-
antiomer-speciﬁc stable carbon isotope analysis, Environ. Sci. Technol. 51 (2017)
2705–2713.
[27] C.D. Tomlin, The Pesticide Manual: A World Compendium, British Crop Production
Council, 2009.
[28] P. Sukul, M. Spiteller, Metalaxyl: persistence, degradation, metabolism, and ana-
lytical methods, Rev. Environ. Contam. Toxicol. 164 (2000) 1–26.
[29] I.J. Buerge, T. Poiger, M.D. Müller, H.-R. Buser, Enantioselective degradation of
metalaxyl in soils: chiral preference changes with soil pH, Environ. Sci. Technol. 37
(2003) 2668–2674.
[30] A.M. Bailey, M.D. Coﬀey, Characterization of microorganisms involved in ac-
celerated biodegradation of metalaxyl and metolachlor in soils, Can. J. Microbiol.
32 (1986) 562–569.
[31] W.J. Jones, N.D. Ananyeva, Correlations between pesticide transformation rate and
microbial respiration activity in soil of diﬀerent ecosystems, Biol. Fertil. Soils 33
(2001) 477–483.
[32] S.G. Pai, M.B. Riley, N.D. Camper, Microbial degradation of mefenoxam in rhizo-
sphere of Zinnia angustifolia, Chemosphere 44 (2001) 577–582.
[33] M.D. Mueller, H.-R. Buser, Environmental behavior of acetamide pesticide stereo-
isomers. 2. Stereo-and enantioselective degradation in sewage sludge and soil,
Environ. Sci. Technol. 29 (1995) 2031–2037.
[34] H.-R. Buser, M.D. Müller, T. Poiger, M.E. Balmer, Environmental behavior of the
chiral acetamide pesticide metalaxyl: enantioselective degradation and chiral sta-
bility in soil, Environ. Sci. Technol. 36 (2002) 221–226.
[35] C. Marucchini, C. Zadra, Stereoselective degradation of metalaxyl and metalaxyl-M
in soil and sunﬂower plants, Chirality 14 (2002) 32–38.
[36] S. Chen, W. Liu, Enantioselective degradation of metalaxyl in anaerobic activated
sewage sludge, Bull. Environ. Contam. Toxicol. 82 (2009) 327–331.
[37] J. Duplay, K. Semhi, E. Errais, G. Imfeld, I. Babcsanyi, T. Perrone, Copper, zinc, lead
and cadmium bioavailability and retention in vineyard soils (Rouﬀach, France): the
impact of cultural practices, Geoderma 230 (2014) 318–328.
[38] M. Lefrancq, P. Van Dijk, V. Jetten, M. Schwob, S. Payraudeau, Improving runoﬀ
prediction using agronomical information in a cropped, loess covered catchment,
Hydrol. Process. 31 (2017) 1408–1423.
[39] N. Ivdra, S. Herrero-Martín, A. Fischer, Validation of user-and environmentally
friendly extraction and clean-up methods for compound-speciﬁc stable carbon
isotope analysis of organochlorine pesticides and their metabolites in soils, J.
Chromatogr. A 1355 (2014) 36–45.
[40] M. Anastassiades, S.J. Lehotay, D. Štajnbaher, F.J. Schenck, Fast and easy multi-
residue method employing acetonitrile extraction/partitioning and “dispersive
solid-phase extraction” for the determination of pesticide residues in produce, J.
AOAC Int. 86 (2003) 412–431.
[41] X. Wang, J. Qiu, P. Xu, P. Zhang, Y. Wang, Z. Zhou, W. Zhu, Rapid metabolite
discovery, identiﬁcation, and accurate comparison of the stereoselective metabo-
lism of metalaxyl in rat hepatic microsomes, J. Agric. Food. Chem. 63 (2015)
754–760.
J. Masbou et al. Journal of Hazardous Materials 353 (2018) 99–107
106
[42] H.K. Schürner, M.P. Maier, D. Eckert, R. Brejcha, C.-C. Neumann, C. Stumpp,
O.A. Cirpka, M. Elsner, Compound-speciﬁc stable isotope fractionation of pesticides
and pharmaceuticals in a mesoscale aquifer model, Environ. Sci. Technol. (2016).
[43] T.B. Coplen, W.A. Brand, M. Gehre, M. Gröning, H.A. Meijer, B. Toman,
R.M. Verkouteren, New guidelines for δ 13C measurements, Anal. Chem. 78 (2006)
2439–2441.
[44] M. Elsner, J. McKelvie, G. Lacrampe Couloume, B. Sherwood Lollar, Insight into
methyl tert-Butyl ether (MTBE) stable isotope fractionation from abiotic reference
experiments, Environ. Sci. Technol. 41 (2007) 5693–5700.
[45] M. Elsner, Stable isotope fractionation to investigate natural transformation me-
chanisms of organic contaminants: principles, prospects and limitations, J. Environ.
Monit. 12 (2010) 2005–2031.
[46] A. Fischer, S. Weber, A.-K. Reineke, J. Hollender, H.-H. Richnow, Carbon and hy-
drogen isotope fractionation during anaerobic quinoline degradation, Chemosphere
81 (2010) 400–407.
[47] P. Sukul, M. Spiteller, Inﬂuence of biotic and abiotic factors on dissipating meta-
laxyl in soil, Chemosphere 45 (2001) 941–947.
[48] G. Imfeld, S. Vuilleumier, Measuring the eﬀects of pesticides on bacterial commu-
nities in soil: a critical review, Eur. J. Soil Biol. 49 (2012) 22–30.
[49] R. Celis, B. Gámiz, M.A. Adelino, J. Cornejo, M.C. Hermosín, Eﬀect of formulation
and repeated applications on the enantioselectivity of metalaxyl dissipation and
leaching in soil, Pest Manag. Sci. 71 (2015) 1572–1581.
[50] R. Celis, B. Gámiz, M.A. Adelino, M.C. Hermosín, J. Cornejo, Environmental be-
havior of the enantiomers of the chiral fungicide metalaxyl in Mediterranean
agricultural soils, Sci. Total Environ. 444 (2013) 288–297.
[51] K.L. Baker, S. Marshall, G.W. Nicol, C.D. Campbell, G. Nicollier, D. Ricketts,
K. Killham, J.I. Prosser, Degradation of metalaxyl-M in contrasting soils is
inﬂuenced more by diﬀerences in physicochemical characteristics than in microbial
community composition after re-inoculation of sterilised soils, Soil Biol. Biochem.
42 (2010) 1123–1131.
[52] O. Elsayed, E. Maillard, S. Vuilleumier, I. Nijenhuis, H. Richnow, G. Imfeld, Using
compound-speciﬁc isotope analysis to assess the degradation of chloroacetanilide
herbicides in lab-scale wetlands, Chemosphere 99 (2014) 89–95.
[53] W.J. Owen, B. Donzel, Oxidative degradation of chlortoluron, propiconazole, and
metalaxyl in suspension cultures of various crop plants, Pestic. Biochem. Physiol. 26
(1986) 75–89.
[54] K. Abass, P. Reponen, J. Jalonen, O. Pelkonen, In vitro metabolism and interactions
of the fungicide metalaxyl in human liver preparations, Environ. Toxicol.
Pharmacol. 23 (2007) 39–47.
[55] X. Wei, T. Gilevska, F. Wetzig, C. Dorer, H.-H. Richnow, C. Vogt, Characterization of
phenol and cresol biodegradation by compound-speciﬁc stable isotope analysis,
Environ. Pollut. 210 (2016) 166–173.
[56] C. Dorer, C. Vogt, S. Kleinsteuber, A.J.M. Stams, H.-H. Richnow, Compound-speciﬁc
isotope analysis as a tool to characterize biodegradation of ethylbenzene, Environ.
Sci. Technol. 48 (2014) 9122–9132.
[57] Z. Zheng, S.-Y. Liu, A.J. Freyer, J.-M. Bollag, Transformation of metalaxyl by the
fungus Syncephalastrum racemosum, Appl. Environ. Microbiol. 55 (1989) 66–71.
[58] M. Szaleniec, A. Dudzik, B. Kozik, T. Borowski, J. Heider, M. Witko, Mechanistic
basis for the enantioselectivity of the anaerobic hydroxylation of alkylaromatic
compounds by ethylbenzene dehydrogenase, J. Inorg. Biochem. 139 (2014) 9–20.
[59] C. Schüth, H. Taubald, N. Bolaño, K. Maciejczyk, Carbon and hydrogen isotope
eﬀects during sorption of organic contaminants on carbonaceous materials, J.
Contam. Hydrol. 64 (2003) 269–281.
J. Masbou et al. Journal of Hazardous Materials 353 (2018) 99–107
107
